The diffusion of knowledge plays a central role in endogenous growth theories. Simply put, in these models new knowledge can be generated from preexisting knowledge. In other words, existing knowledge is a pure public good, which can benefit any economic agent anywhere. More generally, endogenous growth theories rely on a broad set of assumptions that have not been tested sufficiently, especially for developing economies. The scope and nature of knowledge spillovers is, however, important for policy, because the presumed positive spillovers can justify government intervention (if the spillovers are localized) or laissez faire (if the spillovers are international). This paper empirically assesses the scope and direction of knowledge spillovers in national patenting and, separately, product innovation by firms. The first set of exercises tests whether the cumulative knowledge specifications of the knowledge production function can explain international patterns of patenting or whether own research and development is necessary to produce patents. The second set of exercises analyzes whether firm product-quality upgrading and the introduction of new products depend on product innovation within industries, within or across countries. The evidence supports the view that existing stocks of knowledge, domestic and foreign, enhance national innovation and entrepreneurship in the form of product innovation. More specifically, the evidence suggests that within-country and international knowledge spillovers are positive, but international spillovers can be negative for firms that are far from innovative firms in terms of productivity. The results depend on the concept of "distance" between countries and firms.
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Introduction
The diffusion of knowledge is central to endogenous growth theories (Romer (1986 (Romer ( , 1990 ; Grossman and Helpman (1991b,a) ; Rivera-Batiz and Romer (1991) ). Due to its public good nature, new knowledge can be generated from all existing knowledge or R&D investments. Despite their appeal, endogenous growth theories rely on a broad set of assumptions that remain untested. For instance, there could be differential effects of knowledge spillovers, depending on the types of innovations and the distance (geographical or technological) between the innovator and the source of existing knowledge. Simply put, it is not obvious that a poor country can easily adopt knowledge from technologically or geographically faraway economies; it is not clear that low-productivity firms can easily learn from firms operating at the technological frontier. This paper explores the impact of knowledge spillovers on the generation of new knowledge using two types of data: patents granted by the United States Patent and Trademark Office (USPTO) and firm data on product-quality upgrading and the introduction of new goods from the World Bank's Enterprise Surveys. Although patents might be appropriate to study innovation patterns and externalities in developed countries, they might be ill suited for analyzing innovation patterns in developing countries. Hence both approaches might be more revealing than focusing only on one type of innovation.
In a first set of econometric estimations, following Rivera-Batiz and Romer (1991), we test whether the so-called "cumulative knowledge" or the "R&D investment" function explains patenting activity at the country level. If knowledge spillovers are international, then patenting by one country should be influenced not only by the stock of patents received by nationals, but also by the stock of patents worldwide. More specifically, we estimate specifications of patent functions with elements of the cumulative-knowledge and R&D-investments models, and allow for countries' patenting activity to be influenced by the accumulated domestic and foreign knowledge. In a second set of estimations with firm data we explore the determinants of product-quality upgrading and the introduction of new products, with a focus on the role of within-country and within-industry spillovers across firms.
That is, the empirical strategy on patents exploits the time dimension of the data, and the analysis of quality upgrading and new products by firms exploits the industrial sector classification of the data but not a time dimension since we do not have panel data on firms (from throughout the world).
We would have liked to use sectoral data on patents however there is no unique correspondence between patent classes and industrial sectors.
The literature on spillovers has theoretical foundations on models of endogenous growth. These models were first introduced in Romer (1990 Romer ( , 1986 , and then subsequently studied by Grossman and Helpman (1991a,b) and Aghion and Howitt (1992) among others. In Romer (1990) the aggregate stock of designs for intermediate inputs changes as a function of the existing stock of designs and human capital. In this specification, previous knowledge is used as one of the main inputs for new knowledge. A key feature of this specification is that previous knowledge can be accessed at no additional cost, as if it were a pure public good, for producing new designs of intermediate capital goods. This approach has been taken by many others in the development of endogenous growth models. Although this could be a reasonable assumption as a first approximation to the knowledge function within a closed economy, it might be inappropriate in a global context. Importantly, the first attempt to analyze the predictions of endogenous growth models in the context of an open economy were also made implicitly under the closed-economy assumption. Indeed, in their seminal paper Rivera-Batiz and Romer (1991) (RBR henceforth) developed two approaches for the knowledge function of an economy. In particular, in addition to the stock of (domestic) knowledge, the authors included R&D expenditures as an independent explanatory variable that is unaffected (theoretically) by the stock of previous knowledge. When using the cumulative-knowledge production function, RBR assume that knowledge coming from the domestic and the foreign economy are complements and that both generate positive spillovers of equal magnitude. This paper generalizes the RBR cumulative-knowledge production function by investigating the impact of several sources of existing knowledge on the generation of new knowledge. That is, we split the sources of the stock of knowledge into domestic, regional or income group, and rest of the world. This approach allow us to test if geographical distance or income per capita gaps are relevant notions of distance for the diffusion of knowledge spillovers across countries. The analysis of product innovation by firms adds another dimension of distance, namely the technological distance between firms, which cannot be assessed using the cross-country patent data.
Thus, the paper is related to the literature on innovation, productivity, and knowledge spillovers. Some contributions, including Bernstein and Nadiri (1989) , Jaffe et al. (1993) , Audrestsch and Feldman (1996), and Branstetter (2001) , highlight that knowledge spillovers are partly localized because the ability to receive knowledge is influenced by the distance from the knowledge source.
Others, such as Coe and Helpman (1995) , Eaton and Kortum (1996) , Xu and Wang (1999) , VanPottelsberghe-De-La-Potterie and Lichtenberg (2001) , Keller (2004) , Javorcik (2004) and MacGarvie The analysis of patents seems similar to research by Bottazzi and Peri (2007) , who used cointegration techniques to test for a long-run relationship between a country's R&D, its stock of ideas, and the stock of ideas from the rest of the world. They use as sample of fifteen OECD countries for the period 1973-1999. We depart from their analysis by testing directly the validity of the assumptions behind endogenous growth theories rather than its expected consequences. We also test for spillovers from patents stocks and R&D impact on new knowledge. Finally, we estimate panel-count-data models that allow us to deal with the integer nature of patent counts, and the data cover a large sample that varies between 62 and 112 countries depending on the specification, from . The evidence appears to support both the cumulative knowledge function and the R&D expenditure function.
Following RBR our second exercise is also close to Branstetter (2001) and Griffith et al. (2006) in many respects, particularly regarding the notion of technological distance. Our results show that knowledge spillovers affect the marginal, conditional and joint probability of product-quality upgrading and product innovation. However, the spillover effects decline with a firm's productivity distance from the innovators. We find that the economic impact of technology transfer is, for most of the cases, larger for the introduction of new products than quality upgrading. A one standard deviation increase in quality-spillovers generates, for firms similar to innovators, an increment of 70% points in the conditional probability of doing quality up-grading and raise by 5.3% the probability of innovating only in this dimension. By contrast, a one standard deviation increment in variety-spillovers delivers, for firms close to innovators, an increment of 160% in the conditional probability of introducing a new good and raise 246% the probability of innovating only in this dimension. All these effects are lower for firms that are far from innovators as the estimated coefficients corresponding to the interaction between quality upgrading and product innovation by the most productive firms are negative and statistically significant. Indeed, international knowledge spillovers could be negative for firms far away from the technological frontier.
The rest of this paper is structured as follows. The next section briefly reviews the literature on knowledge production functions and inter-firm spillovers. Section 3 provides a formalization of the theoretical framework. Section 4 presents our empirical approach for our research questions. Section 5 discusses the data sources and the data main characteristics. Section 6 presents our empirical results and section 7 concludes.
Related Literature
The existing attempts to test endogenous growth models have not been successful in supporting the theory, thus motivating important critiques. One of the main critiques concerns the scale effect, which should be observable because if (local) existing stocks of knowledge are affect innovation then large countries should growth faster than small economies. Backus et al. (1992) pointed out that larger countries did not grow faster in the postwar era. Jones (1995) used time-series to establish that there have been substantial increases in R&D inputs with no corresponding increase in growth rates. More recently, Bottazzi and Peri (2007) and Yasser and Joutz (2006) using co-integration techniques, indirectly tested endogenous growth theories by testing the implied time series properties of patents, R&D, and Total Factor Productivity (TFP). Bottazzi and Peri (2007) also found evidence against the endogenous growth scale effect in a sample of 15 OECD countries. However, from the co-integration relationship they derive positive knowledge spillovers from G7 to non-G7 countries and "a somewhat puzzling negative effect" from non-G7 to G7 countries. Yasser and Joutz (2006) investigated the case of the U.S., finding significant inter temporal knowledge spillovers with an elasticity at least as large as one. However, they also found that doubling the stock of patents, a proxy for the stock of knowledge, increases long run TFP by a modest 10%.
There is an extensive literature on the existence of knowledge and R&D spillovers within and across countries. Among early contributions, Bernstein and Nadiri (1989) investigated intra-industry R&D spillovers in four American industries (chemicals, petroleum, machinery, and instruments) during 1965-1978. They found that production costs decline as knowledge expands towards externalityreceiving firms, and factor demands change in response to the spillovers. The authors estimated the social and private rates of return to R&D, and found that the social rate exceeded the private rate for the four industries. Coe and Helpman (1995) explored the effects of a country's R&D capital stock and the R&D capital stocks of its trade partners on a country's total factor productivity.
They employed data for up to 21 OECD countries plus Israel from . The study found large effects of both domestic and foreign R&D capital accumulation on total factor productivity.
The effects of foreign R&D capital stocks on domestic productivity seemed to rise with a country's share of imports over GDP and decline with country size. Coe and Helpman (1995) emphasized the role of trade in intermediate inputs as a conduit of spillovers. However, a subsequent paper by Keller (2004) that used random measures of bilateral trade to weight the foreign spillover term provided econometric evidence that the import shares are irrelevant for the results in Coe and Helpman (1995) , thus shedding some doubt on the trade channel for the transmission of spillovers. Xu and Wang (1999) highlight that technology diffusion in trade models is associated specially with differentiated capital goods trade. Thus, in contrast to Coe and Helpman (1995) , who employed overall trade, Xu and Wang (1999) showed that the distinction between capital goods trade and total trade matters. The first one accounts for about 10 percent more of the variation in productivity in domestic industries than Coe and Helpman (1995) 's study, and it also performs better than Keller (2004) 
There is also an important literature that investigates knowledge spillovers directly, including Jaffe et al. (1993) , Branstetter (2001) and Griffith et al. (2006) . Jaffe et al. (1993) conduct a detailed analysis to identify where spillovers go. The study involves the comparison of the geographic location of patent citations with that of cited patents. Domestic patents are more likely to be cited by domestic patent applications and more likely to come from the same state. In a related paper, Audrestsch and Feldman (1996) examine the extent to which industrial activity clusters spatially, and the link between geographic concentration and the existence of knowledge spillovers. The study relies on the Small Business Administration's Innovation Data Base, which compiles data for up to 8,074 commercial innovations introduced in the United States during 1982. The authors employed citation data to locate innovations across states. The study concludes that innovative activity tends to cluster more in industries where knowledge spillovers play a decisive role, thus confirming the hypothesis that the ability to receive knowledge externalities is influenced by the distance from the knowledge source, which in turn generates geographic concentration of production. Branstetter (2001) provided new estimates of the relative impact of domestic and international knowledge spillovers on innovation and productivity at the firm level. His study uses micro data on publicly traded high-technology manufacturing firms in the United States and Japan during the period 1977-1989. The results provide strong evidence on intra-national knowledge spillovers.
There is limited evidence that Japanese companies, for example, benefit positively from research undertaken by American firms, and there is no evidence that American companies benefit positively from research conducted by Japanese companies. In fact, when the last effect is statistically distinguishable from zero, it is negative. This seems to be an important result within the literature on spillovers. We will discuss more extensively the mechanisms for negative knowledge spillovers in our results section.
Similarly, Griffith et al. (2006) investigates how much firms in the United Kingdom benefit from U.S. R&D with panel data. The authors found that U.K. firms benefit significantly from U.S. R&D.
In contrast, the opposite flow of knowledge seems not to generate such benefits for U.S. firms. The evidence supports the hypothesis of international spillovers with strong idiosyncratic components.
They also find that industries in the UK whose productivity lags behind with respect to the U.S. benefit the most; however surprising this result might be, it highlights the importance of controlling for technological distance between firms. Botazzi and Peri (2003) discuss plausible impacts of existing knowledge on the generation of new ideas. They argue that they can be positive, negative or zero due to two opposing effects. First, existing ideas can broaden the base of useful knowledge available to generate new innovations in the future. Alternatively, if the best ideas are the first to be discovered, then a larger stock of knowledge implies that it is going to be harder to find new ideas. While the first effect suggests a positive relationship between the knowledge stock and production of new knowledge, the second acts in the opposite direction, decreasing the production of knowledge as more knowledge is available. Finally, the separation of the stock of knowledge accumulated in the country as the rest of the world is done to allow the possibility that these effects can differ or even have opposing effects.
From a broader perspective we can argue that new knowledge can be a complement or a substitute for existing knowledge. While in some cases knowledge itself can be useful to create new inventions behaving as complements, the instruments in which knowledge is embedded can be exclusive, or might have market consequences that can undermine the generation of new knowledge.
Patents, for example, are exclusive in the sense that once it has been granted nobody else can patent the same innovation (for the same stated commercial purpose). This is a well known effect studied in patent races theories. Thus, another firm's probability of patenting when it is doing R&D in the same area might decrease. Furthermore, the exclusive rights granted to patent holders might have long-lasting effects, whereby the patent holder gains a competitive advantage in producing other related inventions, thus further limiting patenting by other firms or countries (see Grossman and Helpman (1991b) ).
In sum, despite the fact that the endogenous growth literature and the knowledge spillovers literature have focused for the most part on positive knowledge spillovers, there are several reasons why these could be negative, especially for the case of patenting. In the case of product innovation, we cannot overstate the aforementioned concerns about the impact of innovating firms on firms that are technologically faraway. Thus, it is an empirical matter whether spillovers are positive or negative.
Analytical Framework
Our empirical work is motivated by the endogenous growth literature. As mentioned, there are two main approaches, the cumulative knowledge approach and the laboratory equipment approach.
These have been used by Romer (1990) and Rivera-Batiz and Romer (1991) and Grossman and Helpman (1991b) among others. The work of Rivera Batiz and Romer is the main theoretical background needed to motivate our empirical section. In particular, their work deals not just with innovation and growth, but also with international integration and its impact across countries.
In the case of a single economy, the model establishes the following functional form for the case of cumulative knowledge production function:Ȧ = AH, where A represents the stock of knowledge ("designs" in the words of the authors) and the dot over it indicates a change in this stock. is a productivity parameter, and H is the skilled labor used in the production of knowledge. The change in or flow of designs is a function of all the stock of intermediate designs. Hence, knowledge represented by the number of existing designs behaves as a public good.
On the other hand, the R&D-investment knowledge production function is modeled asȦ =
where H is skilled labor, L is unskilled labor and x(i) are the capital goods produced. B is a constant scale factor. In this approach the capital goods (x(i)) (think of laboratory equipment such as computers, scan machines, microscopes, etc) play a central role in the production of new knowledge (or designs), but, most importantly, previous knowledge plays no role and has no productive value.
So far we have presented the knowledge production function for a closed economy. Certainly international integration via trade affects the availability of intermediate inputs, and openness in communication channels play a central role in the knowledge diffusion between economies. Rivera Batiz and Romer were the first to model, under the assumptions presented thus far, the consequences of international integration on growth. Adding some notation, with the asterisk denoting variables from a foreign economy, the cumulative knowledge production function changes to:Ȧ = (A+A ⇤ )H, where A ⇤ is the stock of knowledge in the foreign economy. The relevance of this specification is that domestic and foreign knowledge are accumulative, and both are used in the production of domestic capital goods designs. Indeed, this specification not only considers that domestic and foreign knowledge behave as complements to each other and there is no overlap nor competition for ideas, but also that these two stocks of knowledge have the same positive impact on the production of new knowledge.
In the case of laboratory equipment the new production function for knowledge is given bẏ
In this case the availability of foreign capital goods affects (via trade) the knowledge production function for domestic intermediate capital goods.
Thus, the right hand side term corresponds to the R&D level of expenditure in the domestic economy.
The first set of estimations (see Section 4 below) on patent functions tests the cumulative knowledge and laboratory equipment approaches. In our second set of exercises, we test whether two other particular types of innovations behave as the cumulative knowledge production function for new innovations, distinguishing again between national and international sources of knowledge.
In the absence of R&D expenditure data at the firm level, in this second exercise we test only whether the cumulative knowledge production function is a reasonable approach for the generation of two particular types of innovation: quality upgrading and new goods creation.
Empirical Strategies
The following subsections discuss the econometric models. The first set of issues concerns the estimation of patent functions, and the second is on the estimation of inter-firm spillovers focused on product innovations.
Patents and externalities
Although attempts to test endogenous growth theory and its assumptions directly are rare, there is a long literature on the estimation of patent-knowledge production functions. Due to the discrete and non-negative nature of patent counts, the estimation of the contribution of innovative effort or other inputs to the production of patents has often been conducted with count data models, either with Poisson or Negative Binomial estimators (Griliches (1990) , Hall et al. (1986) ). However, recent work has also utilized log-linear specifications that estimate the dynamics of the patent production process through econometric techniques such as GMM-System or simply by OLS or TS-LS, under the assumption that the proportion of zeros in the sample is small (Bosch et al. (2005) y Botazzi and Peri (2003)). A cross sectional stylized fact is that the relationship between patents and R&D has an elasticity close to unity. However, once you include the time dimension, the relationship becomes weaker with elasticities smaller than one. Pakes and Griliches (1980) , Hall et al. (1984) and Hall et al. (1986) were the first to study the relationship between patents and R&D, focusing on the time dependence between these variables at the firm level. A common result in these studies is that the impact of R&D has a "U" shape:
R&D invested during the first and the last years tend to have a positive and significant impact on firm patenting, but the expenditure incurred between these years seems to have little effect. The estimation of Pakes and Griliches (1980) , performed with a linear model with data from 121 U.S.
companies, indicates that the elasticity of the sum of contemporaneous and lagged R&D is significant and close to 0.6. Hall et al. (1984) and Hall et al. (1986) estimate the relationship between patents and R&D using Poisson and Negative Binomial models for a broader group of U.S. firms. They find that when controlling for fixed effects the elasticity of the sum of contemporaneous and lagged R&D is smaller than that found by Pakes and Griliches (1980) , with estimates between 0.3 and 0.5. Jaffe (1986) , unlike previous work, used only current R&D expenditure in the knowledge production function, as well as technological spillovers. Jaffe's estimated elasticity of patents with respect to R&D, controlling for fixed effects, is equal to 0.4, but the effect rises with the R&D of other firms. Blundell et al. (1995) developed an alternative GMM estimator in which the unobservable fixed effect of firms is approximated by the history of patents prior to the period of the estimation sample, namely a pre-sample mean estimator. Blundell et al. (2002) used this estimator in a dynamic context finding elasticities around 0.5. This pre-sample mean estimator is the closest approach to endogenous growth models as it takes into account previous patents as a determinant of current patent counts.
At the aggregate level, Botazzi and Peri (2003) , using cross-sectional data for Europe, find elasticities close to 0.8 for the relationship between patents and R&D. Moreover, they find spillovers within 300 kilometers. Bosch et al. (2005) used a panel of 49 countries, using various techniques to estimate elasticities that vary between 0.44 and 0.96. The estimates include static and dynamic specifications, as well as the pre-sample mean estimator, models of count data (with Poisson and negative binomial distributions) and linear GMM.
As mentioned, we address the possibility of multiple sources of patent spillovers. In particular,
we consider the following variables: (i) stock of patents from countries of the same income group or region, and (ii) the stock of patents in the remaining income groups or regions of the world.
We denote by SP the stocks of patents. In a first stage, we estimate global knowledge spillovers on national patent counts by estimating the following function, which generally corresponds to count-data estimators:
where subscript i indexes countries, j represents income group and t is time (year). The variable SP stands for the stock of patents, for both the country and the rest of the world. u i is country fixed effect, which we include in some of the estimations (see 6 below). In turn, we explore the possible knowledge spillovers emanating from the region or income group:
In this case the the specification includes the stock of patents accumulated by the country, other countries in the same income or regional group, and the stock from the rest of the world.
In a second step we estimate the R&D specification that is analogous to RBR's laboratory equipment:
And the nested models specification (with two country groups, one by income and another by region, denoted by subscript j2) is given by:
If knowledge spillovers are positive, then ↵ 0 , ↵ 1 , ↵ 2 > 0. However, the coefficients on foreign patent stocks could be zero or negative if instead of complementarity in knowledge, as is assumed in endogenous growth models, there is some degree of substitutability between the research carried out in a given country and the research carried out in the rest of the region or the rest of the world. This would happen, for example, if there is competition for patents across countries and if this effect dominates the public-good diffusion effect.
Finally, the choice of econometric estimators is not trivial. As mentioned above, various contributions have utilized count-data models, mainly Poisson or Negative Binomial estimators. Since country-specific effects (and time effects) play an important role in our application, we provide estimates of equations 2 and 4 above with a Negative Binomial estimator as proposed by Allison and Waterman (2002) . The main difference with respect to Hall et al. (1984) concerns how one controls for country fixed effects. Allison and Waterman (2002) show simulation evidence indicating that the Negative Binomial estimator with dummy variables used to control for unit-specific fixed effects is superior to the estimator proposed by Hall et al. (1984) . This is due to the fact that, in the presence of overdisperion in the data generation process, fixed effects affect the model prediction through two channels. One is the correlation between the unit fixed effects and the explanatory variables of interest, and the second is through the over-dispersion parameter. The approach proposed by Hall et al. (1984) , which relies on unit-specific over-time average patent counts to control for unit-specific fixed effects does not control for biases due to the influence of fixed effects on the over-dispersion parameter. Hence, our estimations come from the Negative Binomial estimator with country dummy variables used to control for country-specific fixed effects.
Product innovation and spillovers between firms
Our second set of estimations builds on previous research on spillovers by Jaffe et al. (1993) , Branstetter (2001) and Griffith et al. (2006) . This literature argues that knowledge spillovers between two firms should be proportional to the similarity and intensity of their research programs and related to geographical distance between the source and the receiver of the spillover. To capture these effects, these papers construct a measure of technological proximity between firms or split sources of spillovers between local, national and international. For technological similarity they use the uncentered correlation coefficient between firms' vectors of R&D expenditures. Additionally, all these papers use patent citation data to identify the direction of knowledge flows.
Unfortunately, we are not able to follow completely Branstetter (2001) and Griffith et al. (2006) as we do not have information about the way firms allocate R&D expenditures across technological categories. To overcome this drawback, we work under the assumption that if two firms operating in the same country and industry are equally productive, they are involved in similar research projects.
Therefore, we measure technological proximity between two firms by comparing their productivities, although we do not compute productivity per se but work with a set of productivity correlates. Many studies show that more than one factor determines the productivity of a firm. Clerides et al. (1998) and Bernard and Bradford (1999) provide evidence that exporters are more productive. Feenstra and Hanson (1997) show that affiliates of multinational corporations outperform domestic firms in recipient countries; Almeida and Fernandes (2008) report that majority foreign-owned firms are less likely to engage in technological innovations than minority foreign-owned ones, and Brambilla (2006) finds that firms with more than 50 percent of foreign ownership introduce on average more than twice as many more new products as private domestic companies. Finally, Cohen and Kelpper (1996) report that the likelihood of a firm reporting positive R&D efforts rises with firm size.
Thus, we consider several correlates of productivity to construct a proxy of technological distance between firms. More precisely, the index is the first principal component of the following variables:
a dummy that takes value 1 if the firm is an exporter and 0 otherwise, a dummy that takes value 1 if the firm is foreign owned and 0 otherwise, a dummy that takes value 1 if the firm invests in R&D and 0 otherwise, a dummy that takes value 1 if the firm holds technological licenses and 0 otherwise, and the logarithm of the firm's labor force (since since size and productivity are expected to be correlated). The index is defined as the predicted value for the first component in the principal component analysis of these variables. Table 1 displays the loadings corresponding to each input.
In turn, the technological distance between firm i and j, d ij , is the absolute value of the difference between their predicted productivities.
Domestic knowledge spillovers
For any firm i that belongs to country c and operates in industry z; we measure intra-industry knowledge spillovers in innovation of type x, with x = {quality, variety}, by the number of firms, different from i, that belongs to industry z and conduct innovations of type x,
where I jczx is a dummy variable that takes value 1 if firm j innovates in dimension x and 0 otherwise. To test if the technological proximity of a firm to the knowledge source affects its ability to appropriate knowledge, we interact the previous variable with a measure of technological distance between two firms. This gives us the following variable:
where d Av izx is the absolute value of the difference between the productivity of firm i and the average of x-innovators' productivities.
International knowledge spillovers
To measure the impact of international knowledge spillovers, we follow the criteria described in the previous section. However, to control for geographic distance, which might dampen the transfer of tacit knowledge (see Audrestsch and Feldman (1996) ), and to take into consideration that the probability that two countries engage in trade depend negatively on the distance between them, we weigh the knowledge spillovers variable by the inverse of the distance between trading partners. Thus, for any firm i that belongs to country c and operates in industry z, the international intraindustry knowledge spillovers in innovation of type x are as follows,
where K pzx is the number of firms in industry z and country p that report innovations of type x; d geo cp is the geographic distance between countries c and p; and P is the set of countries included in the sample. To analyze the extent to which technological proximity affects the ability of a firm to appropriate knowledge from others; we construct the following variable,
where d Av ipzx is the absolute value of the difference between firm i's productivity and the average of x-innovators' productivities in country p and industry z.
Quality upgrading, new products and spillovers
The empirical model we estimate is a two-equation system of two Probit models with a common error components. In other words, the model estimates the determinants of the probability of product upgrading and product innovation by firms, allowing for these two decisions by the same firm to be correlated. More formally, the empirical model can be written as follows:
, and 0 otherwise,
⇥ is the set of all explanatory variables. IQ izct is a dummy variable that equals 1 if firm i of industry z and country c upgrades the quality of an existing product at time t and 0 otherwise. Likewise,
IV
izct is a dummy variable identifying firms that introduced a new product. X iczt is a vector of firm characteristics, which includes the variables used to construct the productivity index and numerous additional control variables: a dummy for firms that report obstacles in access to finance, a dummy that identifies firms that claim that economic and regulatory policy uncertainty is an obstacle, a dummy for access to business licenses or permits as an obstacle for the firm, a dummy for firms that report that anti-competitive pressures are an obstacle for the firm, and a dummy for when the lack of intellectual property rights protection is an obstacle for the firm and 0 otherwise. 1 Vector Z czt controls for country-industry characteristics that the literature finds relevant. These variables capture the effects of competition, investment climate, and credit constraints. Leading papers in this literature include Nickell (1996) , Blundell et al. (1999) , Griffith et al. (2004 ), Aghion et al. (1999 , which show that competition affects innovation. Other papers, such as Lederman (2009), argue that the investment climate matters as a determinant of R&D effort. Another group of papers, including Aghion et al. (1997) and Aghion and Howitt (1992) , shows that credit constraints affect the cyclicality of R&D investments, and the degree of financial development affects the introduction of new products, both for incumbent and new firms. Thus, vector Z czt includes variables such as a Herfindhal index of sales, the percentage of firms that have difficulties to access financing, the percentage of firms that report difficulties in obtaining business licenses, the percentage of firms that worry about anti-competitive practices, the percentage of firms with foreign ownership, the percentage of firms with managers as the largest shareholders, the percentage of exporter firms, intellectual property right protection of trade partners, GDP per capita of trade partners, international backward linkages, and international forward linkages. The models are thus heavily parameterized, because the cross-sectional data do not allow us to control for firm fixed effects, and thus it is safe to err on the side of caution.
Finally, an important feature of this empirical strategy is that innovation in one dimension can affect the probability of innovation in the other; a firm's introduction of a new product variety can affect its propensity to upgrade existing products, and vice versa.
Data
The data on patents were taken from United States Patent and Trademark Office (USPTO) yearly statistics and cover the period 1963 to 2004. The R&D expenditure data were taken from Lederman and Saenz (2005) and updated with UNESCO data from its web site. The human capital related variables were taken from the World Bank's World Development Indicators. We compute the stock of patents using the perpetual inventory method. The depreciation rate is assumed to be equal to 15%, which implies that the 90% of each patent is extinguished at the end of a 15-year period.
Spillover variables for the stock of patents are computed considering different levels of aggregation over the world total stock or expenditure. Since the patent counts by country and year come from the USPTO, it is worthwhile to control for exports to the United States. This variable can be interpreted as a proxy for a country's inventors to file patent applications with the USPTO. That is, the higher are the merchandise sales in the U.S. market, the stronger is the incentive to submit patent applications to the USPTO. As discussed in the results section 6.1, some coefficient estimates do appear to be sensitive to the inclusion of this variable. The data for exports to the U.S. come from the International Monetary Fund's Direction of Trade Statistics. Table 2 shows the R&D effort across selected economies and regions. The most noticeable characteristic of the patterns of R&D is the significant difference between developed and develop-ing countries. The OECD countries invested an average of 2.30% of the GDP during the period 1963-1969, by the beginning of this century they had slightly increased R&D to 2.58% of GDP.
Scandinavian countries increased from 1.43% to 3.16% during the same period. In contrast, developing regions such as Latin America and the Caribbean or Africa have kept their R&D effort well below 1% during the same period. In particular, Latin America increased its R&D effort from 0.47% in the 1960s to 0.65% of GDP at the beginning of this century, while Sub-Saharan Africa passed from 0.24% to 0.63% of GDP. Table 2 also shows the R&D effort from leading economies. During the period 1963-2004 Japan increased its R&D expenditure from 1.95% to 3.31%; Israel increased from 1.03% to 4.71% of GDP, and the Republic of Korea increased from 0.45% to 3.54% during the same period. Table 3 shows R&D expenditures per capita for the same group of countries and regions of Table 2 . The difference between developed and developing countries is more striking than in Table   2 . While Sub-Saharan Africa invested 14.2 dollars per capita and Latin America and the Caribbean invested 22.2 dollars per capita, developed countries invested several hundreds of dollars per capita.
In particular, OECD countries invested 533.5 dollars per capita and Scandinavian countries 941 dollars per capita. Table 4 For the estimations of inter-firm spillovers we employ data from the Enterprise Surveys to estimate the magnitude (and direction) of intra-industry domestic and international knowledge spillovers at the firm level. The surveys were conducted by the World Bank, and they are designed to capture business perceptions about the biggest obstacles to enterprise growth, the relative importance of various constraints to increase employment and productivity, and the effects of a country's business environment on its international competitiveness. Each survey was completed by managing directors, accountants, human resource managers and other company staff. The core survey is organized into two parts. The first part seeks managers' opinions on the main constraints in the business environment. The second part focuses on productivity measures. The Enterprise Surveys sample from the universe of registered businesses and follow a stratified random sampling methodology. A small number of sectoral sub-samples are included to provide measures of productivity that can be compared across countries (within industries). Because the distribution of establishments in most countries is overwhelmingly populated by small and medium enterprises, surveys generally over-sample large establishments. Sample sizes for enterprise surveys range from 250-1,500 firms by country.
The Enterprise Survey data provide information about innovation in developed and developing countries. It allows us to study the effect of knowledge spillovers in countries that have the most to gain from the knowledge of others. The other advantage is that it gives us the possibility to examine the existence of international knowledge spillovers on a wider base. This is in stark contrast with previous works, which explore the issue using two-country studies. In addition, the surveys collect information on more than one type of innovation, which allows us to compare the economic impact of spillovers across different dimensions of product innovation. The resulting data set is a cross-section Table 7 presents summary statistics of the main variables.
Results
As mentioned, we report results on patents and product innovation separately. The following subsection focuses on patents at the country level, followed by the discussion of the results on product innovation by firms. Tables 8 and 9 present Negative Binomial estimates of the patent function with country fixed effects as in Allison and Waterman (2002) , which is a superior estimator than the FE estimator proposed by Hall et al. (1984) . 2 In both tables, the specification test for over-dispersion indicates that we can 2 In Hall et al. (1984) , fixed effects are included in the form of the over-time average number of patent counts (by country). However, this approach does not control for the indirect effect of country-specific effects through the over-dispersion parameter. See Allison and Waterman (2002) for details.
Patents
safely reject the null hypothesis of no overdisperion in the error terms (with respect to the expected number of patents). The key difference between Tables 8 and 9 is that the latter includes domestic R&D as a regressor. In general, the results are unsurprising and consistent with the intuition of the endogenous growth literature. However, the results also show that caution is warranted for inference as variations in the specification of the model alter the results. In what follows, we discuss the cumulative knowledge and R&D functions separately, and given the evidence that both models
simultaneously explain patent production we analyze more carefully the results of the nested (joint) model. Table 8 reports results for the cumulative knowledge production function within countries, with and without time effects, but without R&D. Contrasts between the results without and with time effects demonstrate the importance of controlling for time effects (in addition to country fixed effects) as the results change across specifications. For instance, in column 2, a country's own stock of patents appears with an estimated elasticity just below 0.4, whereas the estimated elasticity in column 3, which controls for time effects, is almost 0.55.
Nonetheless, robust results confirm the positive effect of the stock of domestic patents. Its elasticity remains statistically significant across all specifications presented in Table 8 , including those that control for tertiary-schooling enrollment rates (columns 2-8) and exports to the U.S.
(columns 6 and 8). In contrast, in the third column of Table 8 , the stock of patents from the rest of the world appears with a negative sign, but it is not statistically significant. This result changes after breaking down the effect from the rest of the world into the effect derived from the same income group or the same geographic region and the rest of the world. Specifically, the estimated elasticity of the stock of patents from countries in the same income group becomes positive after controlling for time effects in column 5, but its significance fades away after controlling for exports to the U.S. in column 6. In columns 5 and 6, the stock of patents from the rest of the world appear with positive and statistically significant coefficients. The latter could be interpreted as evidence that knowledge accumulated in the rest of the world but in countries that do not belong to same income group raises the frequency of patenting in a given economy.
In turn, the elasticity of the stock of patents from countries in the same geographic group (as per the World Bank's regional categories) is reported under columns 7 and 8 (without and with the control for exports to the U.S.) in Table 8 . The corresponding elasticities appear to be positive and strongly significant. Thus, the effects derived from the stocks of knowledge from the same income group or geographic region are positive, but they are not significant from the remaining countries of the world in columns 7 and 8. Table 9 contains the results of R&D patent production functions and the nested models, which simultaneously include the R&D variable together with the accumulated stock of patents from the rest of the world. The first two columns test the R&D model. The first column of Table 9 presents the elasticity of patents with respect to investment in research and development (R&D) only with each country's own stock of patents and country-specific effects. The elasticities of the own stock of patents and the R&D variables are positive and significant. Column 2 shows the results with country and time-period effects. The magnitude of the estimated elasticity of R&D is similar across these two specifications; the elasticity of a country's own stock of patents is notably higher than the specification under column 1. In fact, the estimated elasticity on R&D is quite robust across all specifications reported in Table 9 .
In contrast with the results reported in Table 8 , once we control for an economy's own R&D effort, the estimated coefficient for the tertiary-enrollment variable is no longer robust as its significance tends to fall sharply when time effects are included (in columns 5,7 and 10). This is intuitive since there is a high correlation between enrollment rates in tertiary schooling and R&D investment. The latter appears to be a more robust predictor of patenting.
Columns 4-11 of Table 9 report the results for the R&D model augmented by the accumulated stock of patents from the rest of the world. The estimated elasticity of the stock of patents from the rest of the world is negative and statistically significant in column 4, which reports the specification without time effects. This result is reversed in column 5, which includes time effects, thus suggesting that the estimated elasticity of the stock of patents from the rest of world is not robust. It is noteworthy that the estimated elasticities of the own stock of patents and the R&D investment variables seem to be unaffected by the inclusion of the stock of patents from the rest of world. This can be discerned by comparing the results in column 2 with those reported in column 5. However, splitting the stock of patents from the rest of world into those belonging to the same income or geographic group changes the picture substantially. In column 7, the estimated elasticities of the same income group and the one for the rest of world are both positive and significant. In addition, in this specification, the elasticity with respect to own-country stock of patents is relatively high at 0.76, when contrasted to all other estimates. Still, the only plausible explanation of why both components of the stock of patents from the rest of world appear to positively and significantly correlated with the flow of patents in a given country seems to be through the implicit effects operating via the over-dispersion parameter. Further clarity is gained by looking at the results reported in columns 10 and 11, which divide the global stock of patents into those from an economy's geographic group and those from the rest of world. Both specifications include time effects, as well as the country-specific effects. The only difference is that the specification reported in column 11 also includes the variable on exports to the U.S. market, which turned out to be not significant. In both specifications, the stock of patents from a country's own geographic group appears with a positive and statistically significant elasticity of about 0.3, whereas the elasticity of the stock of patents from the rest of the world is negative and significant. We acknowledged above that it might be counter-intuitive that existing knowledge, from wherever it might be, could have a negative effect on the flow of current knowledge. However, this could easily be the case if there are patent races, a term used to characterize a situation in which rival research teams compete to patent similar innovations (Grossman and Helpman 1991b) . Finally, the point estimates of the elasticity of the same-region's spillover effects are approximately equal to the absolute value of the (negative) elasticity of the stock of patents from elsewhere in the world.
Quality upgrading and new products
Tables 10-12 show our results for the case of national and international spillovers derived from quality upgrading and product innovation. Table 10 presents the marginal effects when we control only for firm characteristics. Table 11 shows the marginal effects after controlling for industrycountry variables, as well as country-year and industry effects. Table 12 shows the standardized marginal coefficients from Table 11, so that they provide estimates of the impact of a one-standard deviation increase of an explanatory variable on the probability of observing a product innovation by the firm. Our discussion covers the results of the last two tables, since they present the most complete specification. Tables 11 and 12 show that the sign and statistical significance of the estimated coefficients are as expected. In these tables IQ denotes quality innovations and IV denotes variety innovations.
The tables show that knowledge spillovers are significant at 1% and 5% level; they affect positively the conditional and joint probabilities of innovating in quality and variety. However, their effects are lower for firms that are faraway from innovators in terms of the productivity-correlates index.
Our results show that the economic impact of technology transfer is, for most of the cases, larger when it comes to the creation of new products than for the improvement of existing goods. This is a novel finding. A one standard deviation increase in spillovers generates, for firms close to innovators, an increment of 31% in the probability of being successful in vertical innovations. However, the same variation causes the probability of innovating in the horizontal dimension to increase by 250%.
Two different effects can affect the probability of innovating in one dimension given that a firm has innovated in the other. On the one hand, having innovated may give a firm some general experience that allows it to appropriate easily the knowledge of others. On the other hand, previous experience can make the stock of public knowledge less useful for experienced researchers. If the first effect dominates the second one, we would expect knowledge spillovers to have a larger impact on the conditional probability of innovating than on the probability of innovating only in one dimension.
Otherwise, we would expect the reverse effect. . Interestingly, the first situation characterizes the impact of quality-spillovers, while the second one characterizes the effect of variety-spillovers. This is another novel empirical result. From table 12, a one standard deviation increase in quality-spillovers generates, for firms similar to innovators, an increment of 70% in the conditional probability of doing quality up-grading and raise by 5.3% the probability of innovating only in this dimension. In contrast, a one standard deviation increment in variety-spillovers delivers, for firms close to innovators, an increment of 160% in the conditional probability of introducing a new good and raises by 246% the probability of innovating only in this dimension. All these effects are lower for firms that are far from innovators as the estimated coefficients corresponding to the interaction terms are negative and statistically significant.
A comparison of the difference between the marginal effects of quality spillovers on P r(IQ = 1, V = 1) and P r(IQ = 1, V = 0), with the difference between the marginal effects of variety spillovers on P r(IQ = 1, V = 1) and P r(IQ = 0, V = 1) reveals that the first type of spillovers induce firms to choose diversifying innovative strategies. The second type encourages firms to focus the innovative strategy only in one dimension. According to Table 12 , P r(IQ = 1, V = 1) P r(IQ = 1, V = 0) = 0.16 > 0 for quality-spillovers, while P r(IQ = 1, V = 1) P r(IQ = 0, V = 1) = 2.45 < 0 for variety spillovers.
Regarding the impact of international knowledge spillovers, the results show that the effects of spillovers vary across the two dimensions of the innovation process. There is no evidence that quality-spillovers from foreign companies play a significant role to encourage domestic innovations in this direction. However, we do find evidence of positive effects on the propensity to introduce new products. According to Table 12 , a one standard deviation increase in spillovers generates, for firms close to innovators, an increment of 10% points in the marginal probability of inventing a new good. However, this effect becomes negative for firms whose productivities are faraway from the average of foreign innovators' productivities by 0.012 points.
Conclusions
Despite its wide appeal, endogenous growth theories rely on a broad set of assumptions that remain largely untested, at least from the viewpoint of developing countries. In particular, the functional form of the knowledge production function has not been tested directly.
In their seminal paper, Rivera-Batiz and Romer (1991) presented an extension of the knowledge generating function for the case of two integrated economies. They considered a cumulative knowledge production function in which the input knowledge comes from these two countries, and these inputs have equal and positive impact on the generation of new knowledge. However, in an international context differential effects of knowledge spillovers are plausible. Thus, in the first part of this paper we tested the cumulative knowledge specifications with domestic and international sources of accumulated knowledge embodied in patents. The results suggest that the stock of patents of a country affects significantly its current (and future) production of patents, which is consistent with endogenous growth. We also confirmed that there are significant spillovers from the stocks of knowledge from the rest of the world. After separating the source of spillovers by country income groups or geographic regions, we found positive spillovers from the same geographic region and potentially negative from the rest of the world. On the one hand, this confirms the insight from RBR that the global stock of knowledge is relevant, but on the other hand refutes the idea that all knowledge generates positive spillovers. In addition, the evidence suggests that own R&D investments tend to spur the generation of new patents. Both sets of results suggest that even in developing countries there might be scope for public policy to help finance private R&D investment, partly because the effects of foreign accumulated knowledge on a developing economy's knowledge generation might not bring the expected positive spillovers.
The second set of empirical analyses explored firms' decisions on quality upgrading and the introduction of new goods by focusing on their dependence on the performance of other firms within industries, be they domestic or foreign firms, consistent with RBR. This approach attempted to capture the extent of knowledge spillovers based on the cumulative knowledge production function.
We also explored the role of technological distance. The results showed that knowledge spillovers are a significant correlate of product-quality upgrading and product-variety innovation. The estimates suggested that they affect positively the marginal, conditional, and joint probabilities of innovating in quality and variety. However, their effects are lower for firms that are faraway from innovators in terms of an index of productivity correlates. Indeed, our results imply that international spillovers can become negative with technological distance. At the same time, we find that the economic impact of technology transfer is, for most of the models, larger for the creation of new products than for the improvement of existing ones.
The literature has proposed several channels that could make knowledge spillovers negative.
From a broader perspective, we can argue that existing knowledge can be a complement or a substitute for new knowledge. While in some cases knowledge itself can breed new innovations and entrepreneurship, the instruments in which knowledge is embedded can be exclusive. Additionally, these instruments or R&D activities might have market consequences that can undermine the generation of new knowledge.
The existence of negative international spillovers does not mean countries should close their global integration channels. In fact, we have little to say about the welfare effects of global spillovers.
Indeed, for the case of patents the positive spillovers that emanate from the same geographic region can offset the negative spillovers from the rest of the world. Regarding international spillovers the data on quality and product innovation show that a significant share of firms faces negative international spillovers, however more productive firms do enjoy positive spillovers. These results notwithstanding, what the data robustly show is the importance of the national communication channels within countries and the learning mechanisms involved. It seems that firms and countries learn the most from those that are nearby, and thus some role for the public sector as a promoter of private sector innovation and entrepreneurship might be desirable.
The results presented also highlight the need to upgrade the knowledge production function used in endogenous growth models by allowing not just knowledge complementarities, but also substitution or competition effects. The evidence supports these considerations and highlights the need for new theoretical research that could investigate the growth and welfare implications of international knowledge spillovers. By the same token our results highlight the pertinence of studying different types of innovation as the nature of international knowledge spillovers could be different, depending on the type of innovation, be they product-quality upgrading, the introduction of new product varieties by firms, or patentable commercial inventions. 1963-1969 1970-1979 1980-1989 1990-1999 2000-2004 1963-1969 1970-1979 1980-1989 1990-1999 2000-2004 1963-1969 1970-1979 1980-1989 1990-1999 2000-2004 
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